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We describe two magnetic techniques that may be used to determine the transport critical
current density J, of granular superconductors by measuring the intergranular
magnetization of a sample. In the first method, magnetization critical current density J_,
is used to estimate J., by isolating the intergranular magnetization and applying the

critical state model. In the second method
directly: intergranular magnetization hyste

, magnetic detection is used to measure It
resis loops are obtained while increasing a

transport current through a sample. The critical current density J,, is that value of
transport current density which causes the intergranular magnetization to collapse at a
given magnetic field and temperature. Both methods give values of J, in fair agreement
with values obtained from conventional transport measurements of J,. Magnetization
was measured with both extraction and Hall probe magnetometers.
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High temperature oxide superconductors are often
granular, although the deleterious effects of granularity
on current conduction may be minimized by grain align-
ment in thin films and partially melted, textured
specimens. Measurements of magnetization M, as a func-
tion of magnetic field H and temperature 7, are often
used to characterize superconductors because the
measurements are sensitive and relatively simple, and M
can be related to critical current density J. by the
phenomenological critical state model. The magnetiza-
tion signal arises from shielding currents and penetrated
flux in the superconductor.

Values of magnetization critical current density
Jem(H,T) deduced from magnetic hysteresis loops on
uniform samples are smaller than values of transport
critical current density J.(H,T) obtained from voltage
as a function of current. One reason is that the criteria
for J,, are more sensitive than those for J... As pointed
out by Jin et al.', ‘the voltage criterion . . . used for J,
determination .in transport measurement is orders of
magnitude less stringent than in the magnetic measure-
ment, and hence tends to overestimate J, .. .’. As
stated by Maley er al.?, ‘these measurements probe
very different time scales and voltage sensitivities . . .’
The striking variations in measured J, values as a conse-
quence of different electric field criteria are illustrated
graphically in Reference 3.

One can run into trouble when measuring J,, in
granular materials. Magnetic fields decouple granular
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superconductors, so at high fields J_, refers to the
grains and bears no relation to J,, of the bulk sample.
Only at low fields, where the grains are coupled, can
Jm approximate J,. However, the familiar critical state
formulas for J,,, are not accurate below the full penetra-
tion field*?, especially in thin discs or films with the
field applied perpendicular to the surface®°. Further-
more, once the sample has been exposed to high fields,
there are shielding currents in the grains even at low
fields. The critical state model is applicable to
homogeneous superconductors, and granular conductors
are not homogeneous.

Consider a granular superconductor whose grains are
decoupled at high fields. The critical state relationship is
Jem & M/a, where M is the volume magnetization and a
is the appropriate dimension. At high fields, use of the
bulk sample dimension for a will underestimate J,,, of
the grains. Moreover, J,,, of the sample is not well
defined, but if it were computed, it would overestimate
Jo of the sample: in this example of decoupled grains
J. is zero by definition.

Magnetization M is magnetic moment per unit
volume. Consider two Nb—Ti samples of known J..
Ore is a cylinder of radius r and height r. The other is
a cylinder of radius r/2 and height 4¢. Their volumes are
the same but their critical state magnetizations in axial
field are different: M, = J.r/3 and M, = J,.r/6. Unlike
magnetic materials, the magnetic moments of supercon-
ductors in the critical state scale with their transverse
dimension, not their volumes. This follows from the
property that the shielding current cannot exceed the
critical current, and the current path is limited to the
cross-sectional area of the sample. The restriction does
not apply to the diamagnetic shielding state in which
each cylinder would have a magnetization equal to —H.
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Despite limitations on the utility of the critical state
model for granular superconductors, we present two
magnetization techniques that may be used to obtain
values of J,. They measure the intergranular
magnetization and are used at low fields where the
superconductor grains are in the shielding state.

Magnetization of samples carrying transport
current

Intergranular magnetization

Magnetization critical current density J., can be used
to determine transport J, when the intergranular
magnetization can be separated from the magnetization
of the grains. At temperatures approaching the critical
temperature 7, the intergranular magnetization decays
strongly with field, decoupling the grains before flux has
penetrated them and leaving the grains perfectly
diamagnetic. We say that the intergranular magnetiza-
tion is separated from that of the grains as long as the
maximum field is below the lower critical field H,, of
the grains.

Figure 1 is a typical set of hysteresis loops of
magnetization as a function of increasing maximum field
for sintered YBa,Cu;0O,_s at 76 K. Such intergranular
hysteresis loops of high temperature superconductors
have been described and discussed by others>'%".
The major loop has a maximum field of 12 kA m~'
(150 Oe). Also shown is the central portion of a loop to
15 kA m~! (190 Oe) (dots). The sample dimensions are
10.7 X 1.2 X 1.0 mm and the field was applied parallel
to the long edge as shown in the sketch. The overall
negative slope of the complete loops is due to the
diamagnetism of the grains, non-hysteretic at these low
fields.

The initial curve joins the extrema of the minor
hysteresis loops, and the field where the initial curve
meets the major loop is usually regarded as the full
penetration field H,. However, this identification of
full penetration is tenuous; note how the descending
branch of the 8 kA m~' (100 Oe) loop, for example,
does not meet the major loop until negative fields and
how the loop does not develop a full width AM. That is,
the value of AM is a function of the maximum applied
field. Furthermore we have no assurance that the 12 kA
m ™' (150 Oe) loop represents the fully penetrated state.
We do know that increasing the field to 15 kA m™'
(190 Oe) results in some flux penetration of the grains
because the final ascending branch of the loop falls
below the universal initial curve.

Extraction magnetometer

The data in Figure 1 were acquired with an extraction
magnetometer. Long ago, ballistic magnetometers were
used for magnetization measurements. Cylindrical
samples were rapidly removed from a coil about their
centre plane, and the induced voltage was read on a
ballistic galvanometer. Modern extraction magneto-
meters'®!” are based on this technique. Our magneto-
meter has the capability of simultaneous application of
a transport current, or current density J, to the sample.
The extraction magnetometer described in Reference 17
was adapted with a special sample rod fitted with current
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Figure 1 Magnetization M of sintered YBa,Cu3zO7_s at 76 K as
a function of applied field. The diamagnetic background of the
grains is superimposed on the intergranular magnetization. Ques-
tions arise as to the meaning of the full penetration field H, and
the width of the hysteresis loops AM. Data were acquired with an
extraction magnetometer

leads. Low resistance Ag contact pads for the current
were sputtered on to the sample and annealed'®. The
sample was immersed in liquid nitrogen. In these
measurements H was parallel to J, but in principle any
orientation could be used, subject to sample space
limitations in the magnetometer. A superconducting
solenoid was operated in the normal state for improved
low field resolution. Data were recorded every 400 A
m~' (5 Oe) and the points were connected by line
segments to form the loops.

Several hysteresis loops with a maximum field of
8 kA m~' (100 Oe) were measured with different
values of d.c. transport current through the sample.
Figure 2 shows loops for 0, 2 and 4 A labelled in terms
of current density J. A small magnetic moment propor-
tional to the transport current contributed a constant off-
set to the magnetization. We increased the offset
numerically to separate the loops in Figure 2. In addition
to the effect of pinching together the ascending and
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Figure 2 Same as Figure 1 for a maximum applied field of 8 kA
m ™~ ' (100 Oe) and several values of transport current density J.
The curves have been shifted vertically. The fields at which the
loops pinch together are identified



descending branches of the loops, the current also
reduced somewhat the magnetic signal of the sample at
low fields, decreasing the magnetic hysteresis loss'.

In a more complete treatment, hysteresis losses in the
presence of transport current can be incorporated in a
critical state model®, but in this paper we are con-
cerned with the collapse of the hysteresis loop, not the
equations for the magnetization curves. Traditional a.c.
loss and magnetization measurements of superconduc-
tors carrying transport current are done on coils of long
lengths of wire, and the current is maintained below the
critical current®'?. In the same general category as our
experiments, alternating field susceptibility measure-
ments on a sample carrying d.c. transport current were
reported by Fisher et al.”, Badia et al.?*, and Grishin
et al.”®, who noted differences for currents above and
below the critical current, and observed that the
transport current suppressed intergranular diamag-
netism.

Hall probe magnetometer

Figure 3 is a plot of the intergranular magnetization
curve of a different, more weakly coupled sample of
sintered YBa,Cu;0,_; in liquid nitrogen. Its critical
temperature, determined by resistivity, was 92 K. The
maximum applied field H was 2.8 kA m~! (35 Oe),
below the lower critical field H,, of the grains. The
sample dimensions were 12.5 X 3.3 X 2.4 mm, with H
oriented as shown in the sketch. The field was produced
by an electromagnet ramped linearly at 1 kA m~' s~!
and was measured with a Hall probe gaussmeter. The
measurements were independent of ramp rate down to
10 A m™' s~'. Such frequency independence in low
fields is characteristic of intergranular flux?>?’. The
sample magnetization M was sensed with a cryogenic
Hall probe oriented in the ‘M configuration’?*%.
However, the plane of this Hall probe was not posi-
tioned exactly parallel to H, but was tilted slightly to
actually intercept H. The tilt angle was adjusted to
exactly compensate the negative signal from the
diamagnetism of the grains in the sample. (The tilt angle
was kept constant for all values of transport current.)
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Figure 3 Intergranular magnetization M of sintered

YBa,Cu3z0y_; at 76 K as a function of applied field H for several
values of transport current density J. The figure illustrates how
transport critical current density can be determined by the width
of the intergranular hysteresis loop AM and by the value of J
required to pinch together the diamagnetic and paramagnetic
branches of the hysteresis loop. These compensated loops were
measured with a Hall probe magnetometer
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The compensated hysteresis loops in Figure 3 thus lack
the familiar diamagnetic slope seen in Figure 1. The
compensation is not at all required for the analysis but
it serves to highlight the intergranular hysteresis loop; it
could be done numerically. The M gaussmeter was
calibrated using the superconductor sample measured on
a vibrating sample magnetometer as a transfer standard.
Magnetization was calculated as magnetic moment per
total sample volume. The analogue outputs of both
gaussmeters were input to low pass filters and then
digitally recorded simultaneously. The curves in Figure
3 are composed of about 200 data points connected by
line segments.

During magnetization data acquisition the current was
increased until the diamagnetic and paramagnetic bran-
ches of the hysteresis loop pinched together at about 2.8
and 2.0 kA m~' (35 and 25 Oe). Hysteresis loops for
two values of transport current (2 and 4 A) are shown
in Figure 3, labelled in terms of J.

Critical current density

We can determine J,, at a given field and temperature
for each of two specimens in three ways: (1) application
of the critical state model, (2) knowledge of the value of
J required to pinch together the hysteresis loop and (3)
voltage measurements.

Hall probe magnetometer data

(1) As a reference field we choose 2.0 kA m ™' (25 Oe).
The vertical width of the hysteresis loop AM (for zero
transport current) in the Bean critical state model is
related to J,,: AM =J_, [a(1 — a/3b)], where, for our
geometry**’, 2a = 2.4 mm and 2b = 12.5 mm. We get
Jon = 0.37 MA m 2. Better accuracy may be obtained
by accounting for the grain fraction in the
sample™'>'*3! " A more sophisticated use of critical
state theory to deduce J,, for such compensated
hysteresis loops would be to fit them with an exponential
model for the field dependence of J,*'432:33,

(2) The current density required to close the hysteresis
loop at the reference field was J,=0.51 MA m 2
(Figure 3). In this method, magnetic detection is used to
determine transport critical current density. This is one
of the main points of the paper. What about a correction
for the self field of the transport current? The average
self field for this sample with 4 A of transport current
was 270 A m~" (3.4 Qe), but this is not a relevant
parameter. Our method measures J, just as in a
transport measurement. In both measurements the orien-
tations and magnitudes of H and J are specified. There
is no single, inherent value of J,; we must decide
where the hysteresis loop collapses, in analogy with an
electric field criterion.

(3) Finally, we measured J,, using an automated four-
probe apparatus® to measure voltage V as a function of
current /. The magnetic field orientation with respect to
the transport current was the same as in the magnetic
measurements, and the sample was immersed in liquid
nitrogen. We obtained values of J,, = 0.48 MA m 2 for
an electric field criterion of 1 uV cm™' and 0.60 MA
m~? for 10 uV cm~'. The values obtained by the three
methods are summarized in Table 1 along with values at
2.8 kKA m~! (35 Oe).
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Table 1 Comparison of values of critical current density obtained
by three methods for the sample described in Figure 3 (Hall probe
magnetometer)

Js (MA m~2)
Method H=20kAm"™' 28kAm™’
AM (critical state) 0. -
AM -0 (pinch) 0.51 0.25
V—1(1uVem " 0.48 0.30
V—1(10 uyV cm™") 0.60 0.39

Extraction magnetometer data

(1) We refer again to Figures 1 and 2. As discussed
above, there is uncertainty in the value of AM. We
attribute this to inadequate isolation of the intergranular
magnetization for this sample at 76 K. That is, if we
raise the field high enough to penetrate the intergranular
component fully, flux penetrates the grains. The critical
state measurement of AM fails in this case. (Some
benefit might be obtained by reducing the sample size
perpendicular to the field direction. This would decrease
the full penetration field H, and shift the intergranular
loop to lower field.)

(2) The loop pinched together at 4.0 kA m~"' (50 Oe)
for J=33MA m2 at 5.1 kA m~' (64 Oe) for
J=2.5MA m? (not shown) and at 6.4 kKA m~' (80
Oe) for J = 1.7 MA m 2, thus indicating the values of
J., at those fields. The loop for a current of 1 A did not
pinch together. Why is the J = 3.3 MA m 2 loop not
as well pinched together as the 1.7 MA m 2 loop? We
believe this is due to the irreversibility in J. measured
in ascending and descending fields, which we observe in
our V—I transport measurements. The irreversibility in
J. was 2% at 6.4 kA m~' but 4% at 40kA m~". A
judicious choice of maximum field for a given level of
transport current would ensure a well defined pinch. For
example, a maximum field of about 6 kA m~' for
J =3.3 MA m? would have been adequate.

(3) Comparison values of J,, measured conventionally
with H parallel to J using a 1 uV cm™! criterion are
45MA m~2at 40kA m~', 3.4 MA m~? at 5.1 kKA
m~'and 2.5 MA m 2 at 6.4 kA m~', somewhat higher
than the values deduced from magnetization. The results
are summarized in Table 2 along with values obtained
using other electric field criteria. The AM— 0 method
appears to correspond to an effective electric field
criterion of about 0.01 uV cm™".

Final remarks

The Hall probe and extraction magnetometers used in
this study are especially suited for magnetization
measurements of superconductors carrying transport
current. The Hall probe magnetometer has a much faster
field cycle. Measurements on thin films or tape samples
would require H to be oriented perpendicular to the
plane to achieve adequate sensitivity.

During the measurements, current through the
samples was maintained even when the samples were in
the normal state at the higher fields. This mandates a
cryogen bath for adequate heat sinking. It is wise to use
a current supply that switches from current to voltage
regulation as the sample resistance increases. Samples
stabilized with, for example, Ag substrate would require
less protection.

The intergranular magnetization techniques described
above are applicable to a range of temperatures and
fields which may be limited by the need to isolate
intergranular magnetization. However, they may be
used readily for homogeneous conductors where
intergranular effects are not an issue. In a granular
material, when the intergranular magnetization is not
separable at low fields, the hysteresis loop will not pinch
together but will instead collapse upon the granular
loop. For high current measurements on homogeneous
conductors, sample quench protection would be
required.

Magnetization measurements of samples carrying
transport current, unlike traditional measurements for
critical state estimates of J,,,, require samples with cur-
rent contacts, which may be inconvenient. The benefit of
magnetization measurements over voltage measure-
ments might lie in their greater sensitivity for samples
with adequate cross-section. Voltage measurements are
one-dimensional, whereas magnetization measurements
are two-dimensional and are likely to provide more com-
plete characterization. Our goal in this paper was to
discuss limitations of critical state estimates of J_ in
granular  superconductors and to  characterize
experimentally the effect of transport current on
intergranular magnetization.
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